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Diet has a substantial impact on cellular metabolism
and physiology. Animals must sense different food
sources and utilize distinct strategies to adapt to
diverse diets. Here we show that Caenorhabditis
elegans lifespan is regulated by their adaptive
capacity to different diets, which is controlled by
alh-6, a conserved proline metabolism gene. alh-6
mutants age prematurely when fed an Escherichia
coli OP50 but not HT115 diet. Remarkably, this
diet-dependent aging phenotype is determined by
exposure to food during development. Mechanisti-
cally, the alh-6 mutation triggers diet-induced
mitochondrial defects and increased generation of
ROS, likely due to accumulation of its substrate
1-pyrroline-5-carboxylate. We also identify that
neuromedin U receptor signaling is essential for
diet-induced mitochondrial changes and premature
aging. Moreover, dietary restriction requires alh-6
to induce longevity. Collectively, our data reveal a
homeostatic mechanism that animals employ to
cope with potential dietary insults and uncover an
example of lifespan regulation by dietary adaptation.
INTRODUCTION
Animals in the wild are exposed to a variety of food resources,
which can have a substantial impact on their metabolism and
physiology. As such, intricate homeostatic mechanisms have
evolved to facilitate adaptation to even subtle changes in diet
composition. It is conceivable that adaptation failure could
lead to highly deleterious effects on animal physiology. However,
the mechanisms facilitating dietary adaptation and an under-
standing of how disruption of these pathways contributes to
complex phenotypes such as aging remain elusive.
Aging is perhaps the most complex physiological phenotype,
which is subject to regulation by both intrinsic cues, such as
genes (Kenyon, 2010), and environmental cues, such as diet
(Fontana et al., 2010). Dietary composition has a great impact
on the rate of animal aging (Grandison et al., 2009); however,
some animals, like Caenorhabditis elegans, are capable of livingCell Msimilarly well on several different types of bacterial diets (Brooks
et al., 2009). There are two possibilities that can explain this: first,
these diets simply have no impact on the aging process, or
second, some of these diets have the potential to be harmful
to the organismal rates of aging but animals employ specific
adaptive strategies to cope with those potential insults, thereby
ensuring survival. Considering the significant impact of different
diets on animal metabolism and physiology (Brooks et al., 2009;
Soukas et al., 2009), it is likely that the latter hypothesis is more
practical from an evolutionary perspective.
C. elegans is a well-established organism for studying the
mechanisms that govern the rate of aging and dietary effects
on animal physiology. In the laboratory, C. elegans can utilize a
variety of bacteria strains as their food source (Coolon et al.,
2009; Shtonda and Avery, 2006), the most common being the
E. coli B strain OP50 and the K-12 strain HT115. Different bacte-
rial diets can influence multiple life-history traits of C. elegans,
such as development (Coolon et al., 2009; MacNeil et al.,
2013; Shtonda and Avery, 2006), reproduction (Coolon
et al., 2009), fat metabolism (Brooks et al., 2009; Soukas et al.,
2009), and lifespan (Coolon et al., 2009; MacNeil et al., 2013;
Maier et al., 2010; Soukas et al., 2009). When fed either of the
standard laboratory diets, wild-type C. elegans live similarly
well, as evidenced by their similar development, reproduction,
and lifespan (Brooks et al., 2009). However, because these two
diets differentially impact metabolism (Brooks et al., 2009;
Soukas et al., 2009), it is conceivable that these two diets may
have the potential to differentially affect lifespan; for example,
one food source may have potential harmful effects on normal
aging, but intrinsic adaptive mechanisms help the animals suc-
cessfully cope with that diet and thus ensure normal lifespan.
Previous studies on the mechanisms that govern the rate of
aging have focused on either the genetic or environmental
causes of lifespan determination. In our current study, we report
that the rate of aging is regulated by an organism’s adaptive
capacity to diet. We have discovered that a conserved proline
metabolic gene, alh-6, helps C. elegans adapt to some diets to
ensure normal lifespan. We also uncovered two fundamental
components of this homeostatic response that define this adap-
tive mechanism: first, the preservation of mitochondrial structure
and functional homeostasis, and second, neuromedin U re-
ceptor signaling, which is essential for integrating certain dietary
cues. We propose that adaptive capacity to diet may influence
multiple aspects of animal physiology, which ultimately converge
upon lifespan.etabolism 19, 221–231, February 4, 2014 ª2014 Elsevier Inc. 221
Figure 1. Mutation of alh-6 Accelerates C. elegans Aging When Fed the Standard Laboratory Diet
(A) Gene structure of alh-6 and location of three isolated mutations. lax102 and lax105 are missense mutations. lax209 changes the splicing between exon 5 and
exon 6 and generates a premature stop codon.
(B) Schematic of the mitochondrial proline catabolism pathway.
(C) Lifespan of alh-6 mutant animals fed OP50.
(D) Developmental rates. Synchronized L1 worms were added to OP50 plates and cultured at 20C. The percentages of animals at different stages were counted
48 hr later.
(E) Time courses of reproductive output.
(F) Total brood sizes through life.
(G) Lipofuscin accumulation was measured by epifluorescence with 40,6-diamidino-2-phenylindole channel (excitation 350 nm; emission 445 nm). Insets:
differential interference contrast (DIC) images.
(H) DIC images of heads of animals at indicated stages. Pharyngeal muscle degeneration is indicated by arrows.
(legend continued on next page)
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alh-6 Mutations Accelerate Aging without Affecting
Development
SKN-1 is the worm ortholog of the mammalian NRF family of
transcription factors that function to defend against exogenous
and endogenous cellular stresses including oxidative stress,
proteostasis, and starvation (An and Blackwell, 2003; Li et al.,
2011; Paek et al., 2012; Wang et al., 2010). In C. elegans,
SKN-1 activation in two neurons has been shown to promote
lifespan extension resulting from caloric restriction (Bishop and
Guarente, 2007). In a genetic screen for mutations that activate
SKN-1, we identified a complementation group defined by three
independent recessive alleles of alh-6 (Figure 1A), which postde-
velopmentally activated SKN-1 in muscle tissue (Figures
S1A–S1C available online). Feeding RNAi targeting alh-6
phenocopied the activation of SKN-1 reporter in muscle (Fig-
ure S1D). alh-6 encodes C. elegans 1-pyrroline-5-carboxylate
dehydrogenase (P5CDH), an evolutionarily conserved mito-
chondrial enzyme that catalyzes the second step of proline
catabolism: 1-pyrroline-5-carboxylate (P5C) to glutamate
(Figure 1B). Based on ALH-6::GFP expression, ALH-6 is
expressed in both pharyngeal and body wall muscle (Figures
S1E and S1F). In addition, ALH-6 expression is also observed
in some neuronal cells (Figure S1G).
Because skn-1 is a well-established longevity gene in
C. elegans that is activated in several longevity mutants (Bishop
and Guarente, 2007; Li et al., 2011; Paek et al., 2012; Tullet et al.,
2008), we first measured the lifespan of the alh-6mutants. Unex-
pectedly, mutations in alh-6, which activate SKN-1, led to a
significant 40% reduction of mean lifespan when animals
were raised on the standard laboratory E. coli OP50 diet (Fig-
ure 1C; Table S1). The shortened lifespan phenotype observed
is not due to general sickness or developmental defects,
because these animals are phenotypically normal until day 2 of
adulthood, as measured by developmental rate (Figure 1D) and
reproductive output (Figure 1E). Notably, the adult alh-6mutants
also prematurely exhibited other characteristic aging pheno-
types. Reproductive decline is a universal hallmark of aging
(Hughes et al., 2007), and we found that alh-6 mutants had
reduced reproductive output from day 3 of adulthood and
accordingly yielded a smaller total brood (Figures 1E and 1F).
Lipofuscin pigment accumulation and pharyngeal muscle
degeneration also occurred prematurely in alh-6 mutants,
appearing by day 4 of adulthood (Figures 1G and 1H). In addition,
pharyngeal pumping and movement, two established pheno-
types that decline in an age-related manner, decreased prema-
turely from day 4 of adulthood (Figures 1I and 1J). To further
confirm that alh-6 is a bona fide longevity gene, we generated
an alh-6 overexpression strain and found that these animals lived
longer than their nontransgenic siblings (Figure 1K; Table S1).
Thus, we identify alh-6 as a regulator of the rate of aging. Upon
reaching reproductive maturity, alh-6mutant animals age rapidly
and, as such, represent a model of adult premature aging.(I) Time courses of pumping rate as measured by pharyngeal contraction.
(J) Time courses of movement as measured by thrash frequency in a liquid drop
(K) Lifespan of alh-6 transgenic worms fed OP50.
Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 versus w
Cell MBecause activation of SKN-1 canonically leads to longevity, it
is unlikely that the observed SKN-1 activation and premature
aging phenotypes are causally linked. As expected, skn-1muta-
tion was able to suppress muscle SKN-1 activation (Figure S1H)
but was unable to significantly reverse the shortened lifespan of
alh-6 mutant animals (Figure S2A), thus uncoupling skn-1 from
the premature aging phenotype.
alh-6 Delays Aging in a Diet Type-Dependent Manner
While performing RNAi feeding experiments (Figure S1C), we
noticed that alh-6 mutant animals appeared much healthier
than age-matched siblings fed an OP50 E. coli B diet after day
4 of adulthood. Because feeding RNAi utilizes E. coli K-12 strain
HT115, we measured the lifespan of the alh-6 mutants fed
HT115. In contrast to the OP50 E. coli B diet, alh-6 mutants
exhibited a normal lifespan when fed an HT115 E. coli K-12
diet (Figure 2A; Table S1). These findings suggest that alh-6
may represent a mechanism that confers resistance to certain
diet-induced premature aging and, importantly, is not simply
an essential component of organism survival. Consistent with
the diet dependency of alh-6 function, alh-6 overexpression
animals lived a similar lifespan as wild-type controls when fed
an HT115 E. coli K-12 diet (Figure 2B; Table S1), in contrast to
the longevity phenotype observed on the OP50 E. coli B diet.
We also found that SKN-1 activation was observed in alh-6
mutant animals regardless of whether they were fed the OP50
or HT115 diet (Figure S2B), providing additional evidence that
the SKN-1 transcriptional activation and diet-induced shortened
lifespan phenotypes are not linked.
OP50 (E. coli B) and HT115 (E. coli K-12) strains have been
shown to differentially affectmultiple aspects ofC. elegans phys-
iology but without an obvious impact on lifespan (Brooks et al.,
2009). In light of the significantly different lifespan of alh-6
mutants on these two food sources, we hypothesized that wild-
type alh-6 confers an adaptive response that promotes animal
survival on particular diets. To test this further, we examined
the lifespan of alh-6 mutants fed other E. coli strains, including
BL21 (B strain), HMS174 (K-12 strain), and HB101 (B 3 K-12
hybrid). Remarkably, alh-6 mutants lived a normal lifespan
when fed HMS174 (K-12 strain) (Figure 2C; Table 1) but exhibited
a shortened lifespan when fed BL21 (B strain) and an interme-
diary lifespan on an HB101 diet (B3 K-12 hybrid strain) (Figures
2D and 2E; Table S1). Therefore, alh-6 confers C. elegans the
adaptive capacity to survive on certain E. coli diets, and disrup-
tion of this pathway leads to a shortened lifespan only when
exposed to those particular diets. We used OP50 and HT115,
the two major laboratory food sources for C. elegans, in the
remainder of the study to examine the underlying mechanism.
Temporal Requirements of Bacterial Diets in Lifespan
Regulation
As demonstrated above, the effect of the OP50 diet on lifespan is
uncovered when alh-6-mediated adaptation fails. Genetic fac-
tors can regulate lifespan by acting in specific stages of life.let.
ild-type controls. See also Figure S1 and Table S1.
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Figure 2. alh-6 Delays Aging in a Diet Type-
Dependent Manner
(A) Lifespan of alh-6 mutants fed HT115.
(B) Lifespan of alh-6 transgenic worms fed HT115.
(C–E) Lifespan of alh-6 mutants fed other E. coli
diets, including K-12 strain HMS174 (C), B strain
BL21 (D), and B 3 K-12 hybrid strain HB101 (E).
See also Figure S2 and Table S1.
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has been shown to increase C. elegans lifespan only when it is
crippled during development, whereas postdevelopmental inac-
tivation of some essential genes, including protein synthesis
components and the insulin/insulin-like growth factor (IGF)-1
signaling pathway, can lead to longevity (Curran and Ruvkun,
2007; Dillin et al., 2002a, 2002b; Rea et al., 2007). As such, we
questioned whether there is any timing requirement for diet to
regulate lifespan. Specifically, we tested whether the OP50
diet accelerated aging in alh-6mutants continuously throughout
life or at discrete life windows. To do this, alh-6 mutant worms
were transferred from HT115 (normal lifespan) to OP50 (short
lifespan) diets at different developmental stages (Figure 3E).
Populations of alh-6 mutant animals transferred at larval (L)2 or
L3 stages still exhibited the shortened lifespan phenotype (Fig-
ures 3A and 3B; Table S1), whereas mutants transferred at the
L4 stage lived a normal lifespan as compared to wild-type
animals (Figure 3C; Table S1). These data suggest that a devel-
opmental window between L3 and L4 is particularly important for224 Cell Metabolism 19, 221–231, February 4, 2014 ª2014 Elsevier Inc.diet-mediated lifespan regulation. To
further test whether exposure to the
OP50 diet during the L3 to L4 stage is suf-
ficient to accelerate aging, alh-6 mutant
worms were transferred from the short
lifespan-inducing OP50 diet to the normal
lifespan-promoting HT115 diet at the L4
stage. We found that these animals
exhibited a normal lifespan as wild-type
worms (Figure 3D; Table S1). Thus, inges-
tion of the E. coli OP50 diet during the L3
to L4 stage is essential for initiating the
diet-dependent premature aging pro-
gram, but also requires continuous expo-
sure to that diet during adulthood.
Activation of Proline Catabolism
Causes Premature Aging in alh-6
Mutants Fed OP50
How do mutations of alh-6 cause prema-
ture aging in a diet-dependent manner?
Because alh-6 is a conserved proline
catabolic gene, we hypothesized that
proline catabolism may be differentially
affected by OP50 and HT115 diets, which
would differentially regulate lifespan in
the context of the alh-6mutation. Besides
ALH-6/P5CDH, the only other enzyme in
the proline catabolism pathway is proline
dehydrogenase (PRODH/B0513.5) (Fig-ure S1I), which catalyzes the formation of P5C from proline.
We found that the expression of prodh/B0513.5was differentially
regulated upon feeding the OP50 or HT115 diet. Worms fed
OP50 expressed higher levels of prodh than those fed an
HT115 diet (Figure 4A), indicating the activation of proline catab-
olism by the OP50 diet. The expression of alh-6, however, was
comparable between worms fed either diet (Figure 4A).
We next asked whether activation of proline catabolism is the
reason for premature aging in alh-6mutant animals. As such, we
added proline to the diet of wild-type and alh-6mutantworms fed
OP50 and HT115 dietary regimens and examined the effects of
proline supplementation on lifespan. Remarkably, proline sup-
plementation significantly reduced the lifespan of alh-6 mutant
worms fed an HT115 diet but not wild-type controls fed the
same diet (Figure 4B; Table S1), indicating that activation of pro-
line catabolism is sufficient to shorten lifespan in the context of
the alh-6 mutation. In addition, when fed the OP50 diet, alh-6
mutant animals lived a similarly short lifespan, regardless of pro-
line supplementation (Figure 4C; Table S1). These data indicate
Figure 3. Timing Requirements of the Life-
span Reduction Induced by the OP50
E. coli B Diet
(A–C) Lifespan of alh-6 mutants transferred from
an HT115 to an OP50 diet at L2 (A), L3 (B), or L4 (C)
stages.
(D) Lifespan of alh-6 mutants transferred from an
OP50 to an HT115 diet at L4 stage.
(E) Schematic of lifespan analysis by dietary
transfer.
See also Table S1.
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same pathway to reduce lifespan. These findings also support
the model that activation of proline catabolism due to OP50
diet intake leads to premature aging inC. elegansmutants unable
to complete the terminal step of proline catabolism via ALH-6.
Activation of proline catabolism would lead to P5C accumula-
tion in the context of the alh-6mutation, which we hypothesized
is responsible for the observed aging phenotype. If this is the
case, knockdown of prodh should block the generation of P5C
and therefore reverse the shortened lifespan of alh-6 animals
fed an HT115 diet supplemented with exogenous proline. We
found that, without prodh to initiate the production of P5C from
proline, alh-6 mutant animals are no longer short lived on the
HT115 + proline diet (Figure 4D; Table S1). Thus, the accumula-
tion of the alh-6 substrate P5C, a toxic intermediate of proline
catabolism, is the likely reason to initiate the premature aging
phenotype.
alh-6 Preserves Mitochondrial Homeostasis in
Response to OP50 Diet
What is the cellular basis of diet-dependent premature aging of
alh-6 mutants? As demonstrated above, accumulation of the
alh-6 substrate P5C leads to the premature aging phenotype.Cell Metabolism 19, 221–231Intriguingly, P5C has been reported to
affect mitochondrial homeostasis across
phylogeny (Deuschle et al., 2004; Miller
et al., 2009; Nomura and Takagi, 2004;
Yoon et al., 2004). As such, we hypothe-
sized that alh-6might regulate mitochon-
drial homeostasis in a diet-dependent
manner. An examination of mitochondrial
morphology in developing alh-6 mutant
larval animals revealed normal filamen-
tous mitochondria when fed either an
OP50 or HT115 diet (Figure S3A).
Remarkably, adult alh-6 mutant worms
fed an OP50 but not HT115 diet exhibited
a more spherical-shaped mitochondrial
morphology (Figure 5A), a phenotype
usually associated with mitochondrial
stress (Ahmad et al., 2013). Consistently,
mitochondrial function, as measured by
ATP production, was only impaired in
adult alh-6 mutants fed an OP50 diet
when compared to wild-type controls
(Figure 5B; Figure S3B). These datasuggest that alh-6 promotes mitochondrial preservation during
adulthood in response to the OP50 diet, which links diet to mito-
chondrial homeostasis.
Reactive Oxygen Species Contribute to Diet-Induced
Premature Aging
Impaired mitochondrial function, such as defects in the mito-
chondrial ETC, are associated with increased reactive oxygen
species (ROS) production in C. elegans (Lee et al., 2010; Yang
and Hekimi, 2010). We predicted that the dysfunctional mito-
chondria of adult alh-6mutants fed an OP50 diet would generate
more ROS. We measured, in vivo, the ratio of oxidized to
reduced HyPer, an established indicator of hydrogen peroxide
levels (Back et al., 2012; Ocampo et al., 2012), and found that
alh-6 mutants fed an OP50 diet exhibited higher ROS levels
only during adulthood (Figure 5C; Figure S3C), which cor-
relates with the mitochondrial morphology and ATP production
changes.
ROS play a complicated and controversial role in aging. Low
and transient production of ROS benefits longevity (Lee et al.,
2010; Yang and Hekimi, 2010; Zarse et al., 2012), whereas
high levels of ROS can be deleterious (Melov et al., 2000; Van
Raamsdonk and Hekimi, 2012). If the induction of ROS in alh-6, February 4, 2014 ª2014 Elsevier Inc. 225
Figure 4. Activation of Proline Catabolism
Is Responsible for the Premature Aging
Phenotype of alh-6 Mutants
(A) Expression of prodh and alh-6 in wild-type
animals fed an OP50 or HT115 diet.
(B and C) Lifespan of alh-6 mutants fed an HT115
(B) or OP50 (C) diet with proline supplement.
(D) Lifespan of alh-6mutants fed a control or prodh
RNAi HT115 diet with proline supplement.
Data are presented as mean ± SEM. **p < 0.01.
See also Table S1.
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reduction, then removal of these reactive species should result in
a normal lifespan. To test this, we quenched ROS by feeding the
antioxidants N-acetylcysteine (NAC) and vitamin C to the alh-6
mutants on the OP50 diet. In support of the ROS-dependent
aging model, both NAC and vitamin C treatment completely
reversed the shortened lifespan of alh-6 mutants fed an OP50
diet (Figure 5D; Figure S3D; Table S1). Because increased
ROS were only observed during adulthood, we also treated
worms with NAC postdevelopmentally. Strikingly, adult-specific
treatment with antioxidants was capable of fully reversing the
shortened lifespan of alh-6 mutants (Figure 5E; Table S1), sug-
gesting that the adult onset of ROS production is responsible
for the accelerated aging phenotype. In conjunction with the
conserved role for P5C in mitochondrial homeostasis in eukary-
otes (Deuschle et al., 2004; Miller et al., 2009; Nomura and
Takagi, 2004; Yoon et al., 2004), our data suggest that alh-6
maintains mitochondrial and ROS homeostasis during adult-
hood, likely through removal of P5C, thus delaying aging in
response to the E. coli OP50 diet. Interestingly, we also found
that antioxidant NAC treatment had no effect on muscle SKN-1
activation (Figure S2C), again uncoupling SKN-1 activation
from the observed aging phenotypes.
NMUR-1 Signaling Is Required for the Diet-Induced
Mitochondrial and Aging Phenotypes
Because the observed mitochondrial and aging phenotypes are
dependent on the OP50 diet, it is conceivable that C. elegans
employ specific mechanisms to integrate and process informa-
tion derived from the OP50 diet and initiate the downstream
mitochondrial and aging responses. C. elegans sense changes
to their environment through a simple yet elegant neuroendo-
crine system. We asked whether neuronal signaling participates
in the decoding and processing of different dietary cues and is
required for the mitochondrial and aging phenotypes of alh-6
mutants on the OP50 diet. The neuromedin U receptor (NMUR)
family functions to regulate many food-associated activities of
invertebrates (Melcher and Pankratz, 2005) and mammals
(Hanada et al., 2004; Howard et al., 2000). NMUR-1 is the
worm homolog of mammalian NMUR, which is expressed in
neurons and processes dietary cues to influence lifespan (Maier226 Cell Metabolism 19, 221–231, February 4, 2014 ª2014 Elsevier Inc.et al., 2010). We thus tested whether
NMUR-1 signaling was required for the
mitochondrial response in alh-6 mutants.
If a neuroendocrine circuit were required,
then nmur-1 deficiency would block thecellular and organismal response from the OP50 diet and thus
abrogate the mitochondrial and aging phenotypes. In support
of this hypothesis, without functional NMUR-1, adult alh-6
mutants fed an OP50 diet no longer exhibited mitochondrial
morphology defects (Figure 6A) or functional decline, as
measured by ATP production (Figure 6B). Consistently, in the
absence of nmur-1, ROS levels in adults were comparable
between wild-type and alh-6 mutant animals fed an OP50 diet
(Figure 6C). Most importantly, we found that nmur-1; alh-6
double mutants lived a normal lifespan as nmur-1 mutants (Fig-
ure 6D; Table S1). Together, we conclude that NMUR-1 signaling
is essential for processingOP50 dietary information and initiating
the mitochondrial response, which in turn influences lifespan.
alh-6 Is Required for Longevity Induced by Dietary
Restriction
Finally, we evaluated the genetic interactions between alh-6 and
several well-known longevity models, including the insulin/IGF-1
daf-2 pathways (Kenyon et al., 1993; Kimura et al., 1997), germ-
line loss model in glp-1 mutants (Arantes-Oliveira et al., 2002),
and a genetic model of dietary restriction (DR) with eat-2mutant
animals (Lakowski and Hekimi, 1998). We crossed alh-6mutants
to these longevity model animals and tested their resulting life-
span. We found that the daf-2 and glp-1 mutations were still
able to induce longevity in the alh-6mutant background (Figures
7A and 7B; Table S1), indicating the dispensability of alh-6 in
those longevity pathways. By contrast, the eat-2mutation failed
to increase the lifespan of alh-6mutant animals (Figure 7C; Table
S1), suggesting that alh-6 is specifically required for lifespan
extensionmediated by DR, which is consistent with alh-6 playing
a central role in organismal response to changes in diet.
DISCUSSION
Our data reveal an intrinsicmechanism utilized by an organism to
maintain physiological homeostasis when challenged by expo-
sure to different diets. This response signalsmitochondrial adap-
tation through the coordination of neuronal and metabolic
tissues. Food is essential for life as an energy source, but its
composition may have potential negative effects on animal
physiology (Gracida and Eckmann, 2013; Grandison et al.,
Figure 5. alh-6 Preserves Mitochondrial and ROS Homeostasis in Response to the OP50 E. coli B Diet
(A) Mitochondrial morphology as revealed by muscle mitochondria-targeted RFP in day 5 adult worms.
(B) ATP production from day 5 adult animals fed an OP50 or HT115 diet.
(C) The ratio of oxidized to reduced HyPer in day 5 adult animals fed an OP50 or HT115 diet.
(D and E) Lifespan of OP50-feeding alh-6 mutants treated with NAC from hatching (D) or adulthood (E).
Data are presented as mean ± SEM. *p < 0.05, **p < 0.01 versus respective controls. See also Figure S3 and Table S1.
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on the rate of animal aging when adaptation is compromised,
highlighting that an optimal balance between these conflicting
cues is critical for animal survival. Wild-type C. elegans can
develop and live a similar lifespan on the OP50 or HT115 diet,
indicating an efficient adaptive response to these bacterial
food sources. We propose that, in response to the OP50 diet,
proline catabolism is activated and ALH-6 facilitates the efficient
metabolism of P5C, thereby preserving mitochondrial homeo-
stasis and ensuring a normal rate of aging. Without functional
ALH-6, the difference(s) between the OP50 and HT115 strains
is unmasked, P5C is accumulated, mitochondrial homeostasis
is disrupted, and worms age rapidly (Figure 7D).
Aging is a complex phenotype that is modulated by both envi-
ronmental and intrinsic cues such as diets and genes, respec-
tively. During the past decades, the genetic study of aging has
greatly advanced our knowledge of the biological mechanisms
that influence the rate of animal aging. Several conserved
pathways have been identified and characterized, such as insu-
lin/IGF-1 signaling, mitochondrial respiration, and germline
signaling pathways (Kenyon, 2010). All of these aging pathways
represent intrinsic mechanisms, which can affect the rate of
aging regardless of environmental input. However, animals in
the wild face a much more challenging environment and must
adapt to changes in the abundance and composition of diverse
diets to ensure survival. Animals that can successfully utilize
multiple food sources are at an evolutionary advantage, as
they can adapt to more confined environments when their
optimal food source is depleted. Our findings uncover a different
type of aging modulator that impacts the rate of aging in a diet
type-dependent manner and mechanistically defines a gene-Cell Menvironment interaction pair. The function of genes, such as
alh-6, can only be uncovered under particular dietary conditions.
As such, some current methods for aging research may be less
valuable for identifying them. For example, a genomic RNAi
screen in C. elegans would be incapable of pulling out these
genes, because the E. coli diet used for RNAi is K-12 strain
HT115. Generating an alternative feeding RNAi diet such as
E. coli B strain will be valuable for future aging studies.
Metabolism is a central node for the aging process. Both
glucose and lipid metabolism have been implicated in the mod-
ulation of aging (Lee et al., 2009; Schulz et al., 2007; Wang et al.,
2008). Amino acids represent another essential pool of nutrients
that can be utilized for cellular energy production. As such, it is
not surprising that amino acid metabolism, similar to carbohy-
drate and lipid metabolism, plays an equally important role in
aging. For example, methionine has proven to be a critical
nutrient in lifespan regulation by caloric restriction (CR) (Cabreiro
et al., 2013; Grandison et al., 2009). More interestingly, enzymes
involved in amino acid metabolism have been reported to affect
the dietary response in C. elegans (Watson et al., 2013). Here we
propose that proline metabolism significantly impacts the aging
process in a diet type-dependent manner. We find that the pro-
line catabolism enzyme ALH-6 modulates diet-dependent mito-
chondrial homeostasis and the rate of aging, likely through
removal of its substrate P5C. Recently, the expression of prodh,
another proline catabolism enzyme generating P5C, was found
to be increased in insulin/IGF-1 mutant C. elegans and leads to
transient ROS upregulation and longevity (Zarse et al., 2012).
Our study supports the importance of proline catabolism in life-
span regulation and points to P5C as a possible critical regulator
of mitochondrial ROS homeostasis and aging. Therefore, prolineetabolism 19, 221–231, February 4, 2014 ª2014 Elsevier Inc. 227
Figure 6. nmur-1 Mediates Dietary Effects on Mitochondrial
Function and Lifespan in alh-6 Mutants
(A–C) Effect of nmur-1 loss on mitochondrial morphology (A), ATP production
(B), and HyPer ratio (C) of adult alh-6 mutants fed an OP50 diet.
(D) Mutation of nmur-1 reverses shortened lifespan of alh-6 mutants fed an
OP50 diet.
Data are presented as mean ± SEM. *p < 0.05 versus nmur-1 control. See also
Table S1.
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important for mitochondrial homeostasis and the rate of aging,
which must be under tight regulation.
Mitochondrial quality and function are under strict genetic
regulation that is essential for the rate of aging (Curran and
Ruvkun, 2007; Dillin et al., 2002b; Lee et al., 2003). Our finding
that alh-6 links diet to mitochondrial homeostasis highlights
that mitochondrial quality control during aging is also subject
to regulation by environmental cues such as diet type. ROS
generated from mitochondria are important players of the aging
process. The free radical theory of aging states that animal aging
results from ROS accumulation over time (Harman, 1956). This
theory, however, has recently been challenged, as a series of
studies points to a beneficial role for ROS in longevity (Lee
et al., 2010; Yang and Hekimi, 2010; Zarse et al., 2012). A
possible explanation is that ROS have dual roles in aging: low
and transient production of ROS benefits longevity, whereas
uncontrolled high levels of ROS can cause accelerated aging
(Hekimi et al., 2011; Van Raamsdonk and Hekimi, 2012). Our
finding that ROS induction contributes to observed premature
aging adds new weight to this model and highlights that ROS
levels must be under tight control during aging.
Another interesting finding of our study is that exposure to the
OP50 diet only at specific stages of development in combination
with continued adult exposure to that diet is critical for impacting
the rate of adult aging. This is divergent from the current CR
dogma observed in some model organisms such as Drosophila228 Cell Metabolism 19, 221–231, February 4, 2014 ª2014 Elsevier Inmelanogaster, where CR can increase lifespan at any stage of
life (Mair et al., 2003). In C. elegans, initiation of DR at either
L4/young adult (Bishop and Guarente, 2007; Panowski et al.,
2007) or later after reproduction (Greer et al., 2007) is able to
induce a longevity phenotype. Notably, mitochondrial ETC regu-
lation during the exact same developmental stages is essential
for determining the rate of aging in later life (Dillin et al., 2002b;
Rea et al., 2007). Thus, it is possible that a shared mechanism
between the two exists and represents an event that is estab-
lished during developmental stages and impacts mitochondrial
homeostasis and aging in later life. However, our observed
diet-induced aging phenotype requires constant exposure to
the pro-aging diet even after the developmental window is
closed, whereas inactivation of ETC can extend lifespan even
when knockdown of the ETC component is restored in adulthood
(Dillin et al., 2002b; Rea et al., 2007), indicating an important
distinction between these mechanisms in regulating lifespan.
Dietary differences can be decoded by animals through either
simple discrimination of nutrient compositions by metabolic
tissues or neuronal sensing of specific dietary cues. Neuronal
systems integrate environmental information and communicate
to peripheral tissues. The essential role for nmur-1 in observed
mitochondrial and aging phenotypes establishes a neuronal
circuit required for communicating dietary information and pro-
moting the downstream mitochondrial response. Further work
studying the mechanisms linking NMUR-1 to this mitochondrial
response will provide valuable insight into the regulation of mito-
chondrial homeostasis in response to diet changes.
In summary, we have uncovered an example of lifespan regula-
tionbyapairedgeneandenvironment interaction: gene-mediated
adaptive capacity to specific diets regulate lifespan. This repre-
sents a model for diet-induced adult premature aging. Because
NMUR-1 and proline catabolism pathways are highly conserved
throughout evolution, we propose that metazoan lifespan and
dietary adaptation could be governed by shared mechanisms.
EXPERIMENTAL PROCEDURES
C. elegans and E. coli Strains Utilized in This Study
C. elegans were cultured using standard techniques (Brenner, 1974). The
following strains were used: wild-type N2 Bristol, CB4856 (HW), SPC320
[alh-6 (lax102)], SPC321[alh-6 (lax105)], SPC322[alh-6 (lax209)], RB1288
[nmur-1 (ok1387)], CL2166[gst4-p::gfp], the HyPer expression strain jrIs1
[Prpl-17::HyPer] (Back et al., 2012), muscle mitochondria-targeted red fluores-
cent protein (RFP) strain [myo-3p::TOM20::mRFP], DR1572[daf-2 (e1368)],
CF1903[glp-1 (e2141)], DA1113[eat-2 (ad1113)], and VC1772[skn-1 (ok2315)
IV/nTi[qIs51] (IV; V)]. SPC326[alh-6p::alh-6::gfp] transgenic animals were
constructed by standard cloning and microinjection techniques. Double and
triple mutants were generated by standard genetic techniques.
E. coli strains used were as follows: OP50 (Brenner, 1974), HT115(DE3) [F
mcrA mcrB IN(rrnD-rrnE)1 lambda rnc14::Tn10 l(DE3)] (Timmons et al.,
2001), HMS174(DE3) [F recA1 hsdR(rK12
 mK12
+) l(DE3)], BL21(DE3)[F
ompT gal dcm lon hsdSB(rB
 mB
) l(DE3)], and HB101[F mcrB mrr
hsdS20(rB
 mB
) recA13 leuB6 ara-14 proA2 lacY1 galK2 xyl-5 mtl-1
rpsL20(SmR) glnV44 l].
Mapping of alh-6 Mutations
A complementation group containing three recessive alleles (lax102, lax105,
and lax209) that activated SKN-1 transcriptional activity reporter gst-4p::gfp
in muscle was isolated in an ethylmethanesulfonate screen (Paek et al.,
2012). The mutations were mapped to the left arm of chromosome II by stan-
dard SNP mapping. Deep sequencing of genomes revealed that only onec.
Figure 7. alh-6 Is Specifically Required for
Lifespan Extension Mediated by DR
(A–C) Lifespan of daf-2 (A), glp-1 (B), and eat-2 (C)
longevity mutants in the background of the alh-6
mutation.
(D) Model for aging regulation by dietary adapta-
tion. Information from an OP50 diet is processed
by NMUR-1 signaling. In wild-type C. elegans,
proline catabolism is activated and ALH-6 facili-
tates the efficient catabolism of P5C, thereby
preserving mitochondrial function and promoting
survival. Without functional ALH-6, harmful P5C
accumulates that affects mitochondrial homeo-
stasis and ROS production, eventually acceler-
ating organismal aging.
See also Table S1.
Cell Metabolism
Dietary Adaptation Influences Animal Aginggenetic locus in that region contained mutations changing amino acid
sequences in all three mutants. The genetic locus corresponds to the gene
alh-6. RNAi targeting alh-6 confirmed that loss of function of alh-6 activated
muscle SKN-1.
Lifespan Analysis
Lifespan assays were performed as previously described (Paek et al., 2012).
Briefly, synchronized eggs were added to nematode growth medium (NGM)
plates seeded with different E. coli strains. The worms were kept at 20C and
transferred every day during the reproductive period. Worms that died of vulva
burst, bagging, or crawling off the plates were censored. For NAC and vitamin
C treatment, concentratedNACor vitamin C (Sigma)was added toNGMplates
at a final concentration of 5 mM NAC or 10 mM vitamin C. For proline supple-
mentation, proline was added to plates at a final concentration of 40 mM.
ROS Measurement for Hydrogen Peroxide
Worms of the indicated genotypes and developmental stages were mounted
on slides. The oxidized and reduced HyPer of individual worms was
excited with the GFP and CFP channel, respectively. Fluorescence density
was measured by using ImageJ software. Hydrogen peroxide levels were
measured as the ratio of oxidized to reduced HyPer intensity.
ATP Measurements
Approximately 100 worms of the indicated genotypes and developmental
stages were collected, washed, and boiled in M9 buffer for 15 min. After
centrifugation, the supernatant was used for protein concentration deter-
mination (Bradford assay) and ATP levels were measured (ENLITEN ATP
Assay; Promega). ATP levels were normalized to total protein content.
Quantitative RT-PCR
Approximately 200 worms of the indicated genotypes and developmental
stages were collected, washed in M9 buffer, and then homogenized in TRIzol
reagent (Invitrogen). RNA was extracted according to the manufacturer’s
protocol. DNA contamination was digested with DNase I (New England
Biolabs), and subsequently RNA was reverse transcribed to cDNA by using
the SuperScript III First-Strand Synthesis System (Life Technologies). Quanti-
tative PCR was performed by using SYBR Green (Bio-Rad). The expression of
snb-1 was used to normalize samples.
Statistics
Data are presented as mean ± SEM. Lifespan data were analyzed by using the
log-rank (Mantel-Cox) test. p < 0.05 was considered significant. Other data
(nonlifespan) were analyzed by using an unpaired Student t test.Cell MSUPPLEMENTAL INFORMATION
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